Vertebrates encode variable numbers of active polynucleotide cytosine deaminase enzymes collectively called APOBECs^[@R1],[@R2]^. All vertebrate species have activation-induced deaminase (AID), which is essential for antibody gene diversification through somatic hypermutation and class switch recombination^[@R3],[@R4]^. Most vertebrates also have APOBEC1, which edits cytosine nucleobases in RNA and ssDNA and functions in regulating the transcriptome and likely also in blocking the spread of endogenous and exogenous mobile elements including viruses^[@R5],[@R6]^. The APOBEC3 subfamily of enzymes is specific to mammals, subject to extreme copy number variation, elicits strong preferences for ssDNA, and provides innate immune protection against a wide variety of DNA-based parasites including common retrotransposons L1 and Alu and retroviruses such as HIV-1^[@R2],[@R7],[@R8]^. Human cells have the potential to produce up to 7 distinct APOBEC3 enzymes, APOBEC3A through APOBEC3H (A3A-A3H, excluding A3E), though most cells express subsets due to differential gene regulation^[@R9]--[@R12]^.

The local substrate preference of each of these enzymes is an intrinsic property that has helped to elucidate multiple biological and pathological functions including the elucidation of AID as an antibody gene DNA deaminase^[@R3],[@R4]^, the delineation of the subset of APOBEC3 enzymes responsible for HIV-1 hypermutation (A3D, A3F, A3G, and A3H)^[@R2],[@R7],[@R8]^ and, recently, the implication of at least one APOBEC family member in mutagenesis in a wide variety of cancers^[@R13]--[@R15]^. The nucleobase immediately 5′ of the target cytosine (−1 relative to the target cytosine at position 0) is the most important determinant of each enzyme's intrinsic substrate preference^[@R16]--[@R19]^. AID preferentially deaminates single-stranded DNA cytosine bases preceded by an adenine or guanine (5′-R[C]{.ul}), corresponding to cytosine mutation spectra in immunoglobulin gene variable and switch regions. A3G uniquely targets cytosine bases preceded by another cytosine (5′-C[C]{.ul}), a pattern that is evident in patient-derived HIV-1 sequences. APOBEC1 and the remaining APOBEC3 enzymes elicit preferences for cytosine bases preceded by a thymine (5′-T[C]{.ul}). The −1 nucleobase preference is governed largely by a loop adjacent to the active site (loop 7), such that loop exchanges can convert one enzyme's intrinsic preference into that of another (*e.g*., A3G with loop 7 from A3A becomes a 5′-T[C]{.ul} preferring enzyme^[@R17]^). The −2 and +1 nucleobases relative to the target cytosine are also likely to be involved in local target selection but are less influential.

The APOBEC mutation signature in cancer has been defined as C-to-T and C-to-G base substitution mutations within 5′-T[C]{.ul} dinucleotide motifs and most commonly within 5′-T[C]{.ul}A and 5′-T[C]{.ul}T trinucleotide contexts (also 5′-T[C]{.ul}G if accounting for the genomic under-representation of this motif^[@R12],[@R20]^). Unlike AID in antibody gene diversification and A3G in HIV-1 hypermutation, absolute assignments of cause and effect in cancer cannot be made based on intrinsic ssDNA deamination preferences alone because most APOBEC family members prefer substrates with 5′-T[C]{.ul} motifs and the potential for additional specificity-conferring enzyme-nucleobase contacts is poorly understood. Thus, corroborating data sets including expression profiles, biochemical activities, global mutation analysis, animal experiments, and clinical information are being combined to deduce which subset of enzymes is actually responsible for the observed APOBEC signature mutations in cancer. The leading candidates to explain APOBEC mutagenesis in cancer are A3A^[@R21]--[@R23]^, A3B^[@R12],[@R20],[@R24]^, and A3H^[@R20]^. However, to date, only A3B has met all experimental criteria including clinical correlations between high expression levels and poor outcomes for multiple cancer types^[@R25]--[@R29]^.

Despite the importance of APOBEC3-mediated mutations in a variety of biological and pathological processes, the molecular mechanisms underlying global ssDNA binding activity and local target selectivity are poorly understood. In particular, prior structural studies have yielded numerous apo-enzyme structures*^e.g^*^.,[@R30]--[@R40]^ as well as two structures with non-substrate nucleotides^[@R37],[@R41]^, but complexes with relevant ssDNA substrates have proven elusive. Here we solve crystal structures of human A3A and a variant of the human A3B catalytic domain in complex with optimal and commonly mutated ssDNA substrates, respectively. Together with supporting biochemical data and comparisons with prior apo-structures, our studies provide robust molecular explanations for why these enzymes selectively bind ssDNA and elicit strong preferences for cytosine nucleobases in specific 5′-T[C]{.ul} contexts in viral and cancer genomes.

RESULTS {#S1}
=======

Optimal target for A3A-catalyzed C-to-U deamination in ssDNA {#S2}
------------------------------------------------------------

A3A is a globular enzyme with a single zinc-coordinating active site, and it has proven to be the most potent human DNA cytosine deaminase^[@R42],[@R43]^. To elucidate the mechanism for binding ssDNA and preferring 5′-TC dinucleotide targets, we sought to solve the crystal structure of human A3A bound to ssDNA. Although prior studies have examined the next nucleotide preferences of this enzyme^[@R44],[@R45]^, none have determined the extended substrate requirements in an unbiased manner. Therefore, first we determined the optimal substrate for wild-type A3A catalysis by performing deep deamination experiments with ssDNA containing a fixed target cytosine flanked on the 5′ and 3′ sides by 4 and 3 randomized bases, respectively ([Fig. 1](#F1){ref-type="fig"}). Enzymatic reactions were allowed to proceed to \~10% completion (single hit kinetics) and, following conversion to double-stranded DNA with adaptors, deep-sequencing was used to determine the preferred bases flanking C-to-U deamination events (detected as C-to-T events). An analysis of \>10,000 reads and 641 mutagenic events revealed a near-complete enrichment for T at the 5′ −1 position relative to the target C (0), a strong preference for a cytosine or purine nucleobase at the −2 position, and an unexpected preference for G at all 3′ positions (+1 to +3) ([Fig. 1](#F1){ref-type="fig"}). This analysis informed the design of an optimal ssDNA substrate for co-crystallization studies, 5′-AAAAAAAT[C]{.ul}GGGAAA.

A3A-ssDNA structure reveals a novel U-shaped binding conformation {#S3}
-----------------------------------------------------------------

The optimal ssDNA substrate for A3A was co-crystalized with human A3A purified from *E. coli*. This protein represents the wild-type enzyme apart from a 4 residue C-terminal truncation to improve solubility and a single amino acid substitution of the catalytic glutamate (E72A) to prevent substrate turnover and bacterial genotoxicity ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). The 3.1 Å resolution A3A-ssDNA structure has 4 monomeric complexes in the asymmetric unit and each shows clear electron density for either 5 (5′-A[TC]{.ul}GG) or 6 (5′-A[TC]{.ul}GGG) nucleotides centered on the target cytosine ([Table 1](#T1){ref-type="table"}, [Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}). A superposition shows near-identical conformations of all 4 proteins as well as the positioning of the −1 T and the target C (0) nucleotides and, as expected, some variation in the locations of bases outside the 5′-TC dinucleotide core ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}).

The A3A-bound ssDNA adopts a U-shaped conformation anchored by the target cytosine and the −1 thymine, with up- and down-stream ssDNA bent away from the active site ([Fig. 2a](#F2){ref-type="fig"}). At the bottom of the 'U', the target cytosine and the 5′ thymine bases are flipped out toward the protein with the sugar-phosphate backbone rotated with respect to those of the flanking nucleotides ([Fig. 2a--d](#F2){ref-type="fig"}, [Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}). The two flipped-out nucleotides fit between loops 1 and 7 and are stabilized by extensive van der Waals contacts with Trp98 at the base of the groove and hydrogen bonds to backbone phosphates on the 5′ and 3′ sides of the target cytosine, respectively by the side chain of Tyr130 in loop 7 and Asn57 preceding loop 3 ([Fig. 2b--d](#F2){ref-type="fig"}). Across the ssDNA-binding groove and opposite Tyr130, His29 from loop 1 fits inside the 'U' and donates hydrogen bonds to the backbone phosphates of both the target cytosine and 5′ thymine. The simultaneous hydrogen-bonding of His29 suggests that this side chain interacts with DNA optimally when doubly protonated, consistent with the reported pH-dependence of A3A and A3G ssDNA deamination activity^[@R46],[@R47]^. The His29 side chain also stacks with the +1 base and makes van der Waals contacts with the nucleotide at −2 position, where the +1 and −2 bases may be close enough to interact. Thus, His29 appears to serve as a scaffold to stabilize ssDNA substrates in the 'U-shaped' conformation. The +2 and +3 bases linearly stack on the +1 base analogous to a B-form double-stranded DNA ([Fig. 2b--c](#F2){ref-type="fig"}).

A3B-ssDNA structure and the mechanism of local target recognition {#S4}
-----------------------------------------------------------------

To improve crystallographic resolution and increase relevance to cancer, we next sought to solve a crystal structure of the human A3B catalytic domain bound to ssDNA. A3B is a nuclear-localizing enzyme strongly implicated in cancer mutagenesis including associations with poor clinical outcomes for estrogen receptor-positive breast cancer, multiple myeloma, and lung cancer^[@R25]--[@R29]^. A3B is double-domain enzyme with an N-terminal pseudo-catalytic domain and a C-terminal catalytic domain^[@R2],[@R7],[@R8]^. The catalytic domain has 92% amino acid sequence identity with A3A and the majority of differences occur in solvent-exposed surfaces including loop regions ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). We obtained crystals using a catalytic mutant derivative (E255A) of our previously described A3B variant with loop 1 from A3A and near wild-type activity (A3Bctd-QMΔloop3-A3Aloop1, hereafter called A3Bctd\*)^[@R37]^ and a 7-mer ssDNA (5′-TTTT[C]{.ul}AT) containing the most frequently mutated APOBEC motif in cancer (5′-T[C]{.ul}A)^[@R13]--[@R15]^.

The 1.7 Å resolution structure of this A3Bctd\*-ssDNA complex has a single nucleoprotein complex in the asymmetric unit and clear electron density for 4 nucleotides (5′-T[TC]{.ul}A) ([Fig. 3a](#F3){ref-type="fig"}, [Table 1](#T1){ref-type="table"}, [Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}). Despite the different enzyme-ssDNA combination, the overall DNA conformation is also 'U-shaped' and highly similar to that in the DNA-bound A3A structure ([Fig. 3b](#F3){ref-type="fig"}). The target cytosine is inserted deep into the active site pocket, which contains a zinc ion coordinated by His253, Cys284, and Cys289 (equivalent to A3A residues His70, Cys101, and Cys106; A3Bctd\*-ssDNA *vs*. A3A-ssDNA superposition in [Fig. 3b](#F3){ref-type="fig"} and A3Bctd\* active site electron density in [Fig. 3c](#F3){ref-type="fig"}). The amino group at the C4 position of the pyrimidine ring donates a hydrogen bond to the backbone carbonyl of Ser282 (Ser99) and is positioned to form the zinc-stabilized tetrahedral intermediate characteristic of the hydrolytic deamination reaction ([Fig. 3c](#F3){ref-type="fig"}). The carbonyl oxygen of the cytosine base accepts a hydrogen bond from the backbone amide group of Ala254 (Ala71). The non-polar edge (C5 and C6) of the cytosine base makes a T-shaped *π*-stacking interaction with Tyr313 (Tyr130). Cytosine ring positioning is further stabilized by a hydrogen bond between the O4′ of the deoxyribose ring and Thr214 (Thr31) as well as nucleobase sandwiching between Thr214 (Thr31) and His253 (His70).

The −1 thymine nucleotide fits in a hydrophobic pocket formed by Trp281, Tyr313, and Tyr315 (Trp98, Tyr130, and Tyr132), where the N3 and O2 atoms of the pyrimidine is hydrogen-bonded to the side chain of Asp314 (Asp131) and the backbone amide group of Tyr315 (Tyr132), respectively. These interactions explain the strong selectivity for the 5′-TC motif by A3B and A3A ([Fig. 3b](#F3){ref-type="fig"}). Furthermore, the higher resolution A3Bctd\*-ssDNA structure revealed a water-mediated interaction between Asp314 and the O4 carbonyl group of the thymine ring, which may be an additional selectivity factor ([Fig. 3d](#F3){ref-type="fig"}). Interestingly, the 5-methyl group of the −1 T is pointed away from the protein and does not interact with the enzyme or the ssDNA substrate. Consistent with this observation, ssDNA substrates with 5-methyl substituted deoxy-thymidine analogs at −1 position were deaminated efficiently by A3A \[2′-deoxyuridine (dU), 5-hydroxybutynl-2′-deoxyuridine (Super T), and 5-fluorodeoxyuridine (5FdU); [Fig. 3e](#F3){ref-type="fig"}\]. A3A has indistinguishable activities in dose response experiments with normal T versus Super T at the −1 position, which further validates the observed positioning of the −1 thymine in the bound ssDNA and shows that the methyl group does not contribute to the intrinsic 5′-TC target sequence preference ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). The stereoview provides a comprehensive visualization of all of these structural features ([Fig. 3f](#F3){ref-type="fig"}).

Interactions with nucleotides flanking the 5′-TC target motif {#S5}
-------------------------------------------------------------

Outside of the central 5′-TC motif, A3A and A3Bctd\* make limited direct interactions with nucleobases of the bound ssDNA, consistent with the degeneracy of these positions in deep deamination experiments ([Figs. 2](#F2){ref-type="fig"} & [3](#F3){ref-type="fig"}). Arg28 in loop 1 of A3A interacts with an adenine at the −2 position, whereas the homologous Arg211 in A3Bctd\* interacts with a thymine at the same position. This less specific base contact is consistent with A3A R28A and A3B R211A retaining robust ssDNA deaminase activity (data not shown and ref.^[@R37]^) and the occurrence of multiple bases at the −2 position in the A3A deep deamination reaction ([Fig. 1](#F1){ref-type="fig"}). In addition, Lys30 in A3A is positioned close to the major groove edge of the +1 guanine base, potentially contributing to the preference for a purine at this position. The corresponding residue Gln213 of A3B may similarly account for the reported +1 adenine preference^[@R12]^, although our A3Bctd\*-ssDNA complex could not show this potential contact due to a likely influence of crystal packing in the positioning of +1 adenine and the necessary engineering of loop 1 residues to facilitate crystallization of the A3Bctd\*-ssDNA complex.

To probe whether interactions with any of the linearly stacked nucleobases at +1 to +3 positions are important in ssDNA engagement, we assayed A3A activity using normal versus 5-nitroindole substituted ssDNA substrates. 5-nitroindole is a universal base analog that stacks like a canonical nucleobase but lacks hydrogen-bonding capabilities. A3A has robust DNA cytosine deaminase activity with a ssDNA substrate containing 5-nitroindole substitutions for +1 to +3 positions, only about 2-fold lower than that with an optimal ssDNA substrate with deoxy-guanosines at the same positions ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). These data indicate that base stacking or hydrophobic interactions between the +1 to +3 nucleotides may be more relevant for the ssDNA deamination mechanism than nucleobase hydrogen-bonding with the enzyme.

The loop 3 region in both the A3A and A3Bctd\* complexes makes either direct or water-mediated hydrogen bonds via the peptide main chain atoms with the backbone phosphate of +1 nucleotide ([Fig. 2d](#F2){ref-type="fig"}, [Fig. 3b & f](#F3){ref-type="fig"}). In addition, A3A loop 3 Lys60 points toward a mid-point between the backbone phosphate groups of +1 and +2 guanine nucleotides suggesting a stabilizing interaction, although the *ζ* amino group is not within direct hydrogen bonding distance to either phosphate. The 5′ and 3′ nucleotides farther from the target cytosine, 5′ of −1 and 3′ of +1 positions, are beyond bonding potential with the enzyme, which is consistent with earlier biochemical footprinting studies^[@R48]^, HIV-1 hypermutation experiments*^e.g^*^.,[@R49]--[@R51]^, and cancer mutation spectra analyses*^e.g^*^.,[@R24],[@R52],[@R53]^. However, ssDNA lengths greater than 3 nucleotides appear to be required for full deaminase activity indicating that non-specific contacts may also be important^[@R54]^.

Comparisons of apo and ssDNA-bound structures {#S6}
---------------------------------------------

A comparison of the ssDNA-bound structures with previously reported A3A and A3Bctd crystal structures^[@R34],[@R37]^ yields additional mechanistic insights into how the activities of these enzymes are likely to be regulated ([Fig. 4](#F4){ref-type="fig"}). The conserved active site and zinc-coordinating residues are virtually unchanged, consistent with the strong preferences of these enzymes (and other family members) for normal (unmodified) cytosine nucleobases in ssDNA and indicating that the surrounding loop regions govern ssDNA binding activity and local dinucleotide targeting. Indeed, comparisons of the native and ssDNA-bound structures reveal large side chain reorientations for His29 and Tyr132 of A3A, and loop 1 rearrangement and Tyr315 reorientation in A3B. As noted above, A3A His29 provides multiple contacts that enable the ssDNA to adopt the 'U-shaped' conformation. The analogous histidine in the A3Bctd\*-ssDNA structure has a similar scaffolding conformation, although it should be noted that this residue and most of loop 1 are derived from A3A (necessary alteration for crystallization purposes). Therefore, further structural and biochemical studies will be needed to fully understand the mechanism of ssDNA engagement by wild-type A3B, where one of the three arginines (Arg210, Arg211, or Arg212) in wild-type A3B loop 1 may have a stabilizing function analogous to A3A His29.

Importantly, the positioning of a conserved tyrosine in loop 7, Tyr132 and Tyr315, changes upon binding ssDNA in both the A3A and A3Bctd\* structures ([Fig. 4a--c & d--e](#F4){ref-type="fig"} for bound and unbound comparisons of A3A and A3B, respectively). For both enzymes, this reorientation is important to confer dinucleotide target specificity through extensive van der Waals contacts with the −1 thymine (above). Indeed, loop 7 swap experiments have shown that the residues including A3A Tyr132 are critical for determining the preference of the −1 nucleobase^[@R17]^. For example, the 5′-CC dinucleotide specificity of A3G skewed toward 5′-TC upon swapping the entirety of loop 7 or by changing Asp317 to a tyrosine in order to mimic this residue in A3A and A3B^[@R17]^. It is also notable that the Tyr315 reorientation converts a closed active site conformation of A3Bctd^[@R37]^ to the more open conformation required for binding ssDNA ([Fig. 4d--e](#F4){ref-type="fig"}). The comparison between the apo and ssDNA-bound A3A structures also shows that loop 3, which is variable among APOBEC3 family members, swings toward the ssDNA and makes a backbone contact ([Fig. 4c](#F4){ref-type="fig"}). However, both the apo and bound A3A structures have relatively open conformations, possibly accounting for the higher catalytic activity of this enzyme in comparison to A3B^[@R43],[@R55]^.

Biochemical analyses corroborate the ssDNA-bound A3A and A3Bctd\* structures {#S7}
----------------------------------------------------------------------------

The overall 'U-shaped' ssDNA conformation and the positioning of the 5′-TC target dinucleotide are nearly identical between the two independent crystal structures ([Fig. 3b](#F3){ref-type="fig"}). This superposition strongly implies that the observed ssDNA binding and local targeting mechanisms are accurate reflections of the biological and pathological activities of these enzymes in virus and cancer mutagenesis. To further validate these structural results, we compared wild-type A3A and structure-informed mutant derivatives in a series of biochemical experiments with extracts from 293T cells. Active site alanine mutants were inactive in deaminating a 5′-TC-containing ssDNA substrate, as expected, including those with substitutions of the catalytic glutamate (E72A), the zinc-coordinating histidine and cysteines (H70A, C101A, and C106A), and the tryptophan lining a side of the active site pocket (W98A) (upper panel in [Fig. 5a](#F5){ref-type="fig"} and data not shown). The conserved cytosine-contacting residues, Ala71 (A71G, A71P), Ser99 (S99A, S99G, S99P), and Tyr130 (Y130A) also proved essential. The interaction between Thr31 and the 2′-deoxyribose of the target cytosine was only mildly compromised by an alanine substitution (T31A) and fully disrupted by the introduction of a negative charge (T31D), consistent with prior data indicating proximity of this residue to ssDNA^[@R56]^. All constructs expressed similarly in immunoblots indicating that the activity data are not due to poor expression or misfolding (lower panels in [Fig. 5a](#F5){ref-type="fig"}).

Additional ssDNA deamination experiments were done to interrogate A3A contacts with the specificity-conferring −1 thymine nucleobase (upper panel in [Fig. 5b](#F5){ref-type="fig"}). These experiments were performed as above except both activity and selectivity were examined in parallel by systematically varying the −1 position of the ssDNA substrate. As controls, wild-type A3A has the most activity with ssDNA substrates with −1 T, intermediate activity with −1 C, and little activity with −1 A or G, whereas A3A-E72A has no activity. A comparison of Trp98 substitutions indicated that an aromatic residue is sufficient at this position in the structure to stabilize −1 T and the target C, as the W98A mutant was inactive but W98F and W98Y substitution mutants retained robust catalytic activity and near wild-type dinucleotide preferences. The aromatic character of Tyr132 is similarly important in forming the hydrophobic pocket for −1 T, based on near wild-type activity for Y132F but not Y132A constructs. We observed parallel, albeit more severe, effects of phenylalanine and alanine substitutions for Tyr130. The overall greater importance of an aromatic side chain at position 130 is further indicated by contacts with the target C and the ssDNA backbone as well as van der Waals interactions with Tyr132, which help to position the −1 T ([Fig. 2c--d](#F2){ref-type="fig"}). As alluded above, Asp131 strongly influences the −1 preference, with a small non-polar alanine substitution (D131A) loosening selectivity and showing near-equivalent activity with −1 T and −1 C substrates, a shorter hydroxylated residue (D131T) retaining selectivity for −1 T (likely by mimicking the hydrogen bond acceptor role of the aspartate), and a longer and acidic glutamate substitution (D131E) converting the preference at −1 position to C (most likely by creating an opportunity for direct hydrogen-bonding with the amino group of the cytosine ring and simultaneously disrupting the hydrogen-bonding between carboxyl group of the shorter aspartate side chain and the N3 hydrogen of thymine). As above, the mutants expressed similarly in immunoblots with few exceptions indicating that the activity data are not due to poor expression or misfolding (lower panels in [Fig. 5b](#F5){ref-type="fig"}). The D131 results confirmed in quantitative dose response experiments with purified A3A and single amino acid substitution derivatives ([Fig. 5c](#F5){ref-type="fig"}). Overall, these biochemical data strongly support the observed conformation of 5′-TC-containing ssDNA bound to A3A in the crystal structure.

DISCUSSION {#S8}
==========

The 'U-shaped' ssDNA-binding mechanism, as revealed by co-crystal structures and validated through biochemical analyses, suggests that the loop regions of DNA stem-loop structures may be hotspots for APOBEC mutagenesis. Indeed, loop regions in HIV-1 cDNA have been shown to be preferred sites for A3G-mediated DNA deamination^[@R57]^, and a recent study of 560 breast cancer genomes reported multiple hotspots for APOBEC signature mutations within loop regions of predicated stem-loop structures^[@R58]^. The 'U-shaped' ssDNA binding conformation of A3A and A3Bctd\* resembles the conformation of RNA bound to the distantly related tRNA adenosine deaminase TadA ([Fig. 6](#F6){ref-type="fig"}). Additional structural studies will be needed to determine whether the common ssDNA-binding mechanism observed here for A3A and A3Bctd\* represents that of wild-type A3B with natural loop 1 residues or that of other APOBEC3 family members including A3G. Nonetheless, the similarity between these nucleic acid binding conformations suggests that hairpin or hairpin-like ssDNA or RNA structures may be preferred substrates for many different polynucleotide deaminase family members. However, the vast majority of viral and genomic ssDNA APOBEC mutations are not found in predicted secondary structures and, instead, correlate with properties of DNA replication (single-stranded cDNA in retroviral reverse transcription and lagging-strand DNA in tumor cells) suggesting that the most critical feature may be simply single-strandedness^[@R13]--[@R15]^. The mechanism of binding ssDNA by human A3A and A3Bctd\* contrasts with prior models including our own^[@R30],[@R31],[@R35],[@R37],[@R40]^, the conformation of a short oligo-dT co-crystalized with A3Gntd^[@R41]^ ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}), and the mechanism of double-stranded RNA binding and adenosine deamination by ADAR2^[@R59]^.

Residues within the A3A and A3B active site pockets are highly conserved within the APOBEC3 family, as evidenced by a close superpositioning of the active site region of crystal structures of several human APOBEC3 enzymes (A3A, A3B, A3C, A3F, and A3G) ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}). The only minor exception is Thr31 of A3A (Thr214 in A3B), which is a Ser216 in A3F. The T31A substitution of A3A is well tolerated but T31D abolishes deaminase activity, consistent with a potential for phospho-regulation at this position ([Fig. 5a](#F5){ref-type="fig"} and refs.^[@R56],[@R60]^). The corresponding residue in more distantly related metabolic cytosine deaminases, which likely catalyze the same hydrolytic chemistry of the cytosine deamination reaction as APOBEC3 enzymes, is either valine or isoleucine and makes van der Waals contact with the target cytosine ([Fig. 7](#F7){ref-type="fig"}). These enzymes also show interesting variations of the residues surrounding the target cytosine base, reflecting substrate-specific interactions. For instance, the aromatic residue stacked over the target cytosine corresponding to Tyr130 of A3A (Tyr313 of A3B) is tyrosine in the 2′-deoxycytidine-5′-monophosphate deaminase of bacteriophage T4, whereas it is phenylalanine in the nucleoside cytidine deaminase and the free cytosine deaminase, consistent with the lack of a 5′-phosphate group.

In contrast to the strict conservation of the catalytic residues in the APOBEC3 active sites, comparisons of the amino acid sequences and conformations of the loops 1, 3, and 7 suggest that adjacent contacts with ssDNA substrates are either conserved or diverged amongst APOBEC3 family members^[@R1],[@R2]^ ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}). The conservation accounts for the strong preference of the APOBEC3 enzymes for ssDNA, and the divergence provides flexibility to evolve varying catalytic efficiencies and local sequence preferences in order to achieve overlapping but distinct functions in innate immunity. For instance, the closed active site conformation of A3Bctd in the ground state^[@R37]^, in spite of the similar modes of ssDNA interaction between A3A and A3Bctd\*, likely reflects a need for a tight regulation of this enzyme's activity in the nucleus. Given the clear roles of the APOBEC3 enzymes in virus and tumor evolution, most recently demonstrated for A3B driving drug resistance in breast cancer^[@R26]^, the A3A-ssDNA and A3Bctd\*-ssDNA crystal structures are expected to provide a foundation for rational design of small molecule inhibitors to impede virus and tumor evolvability.

ONLINE METHODS {#S10}
==============

Protein purification {#S11}
--------------------

Human A3A with single amino acid substitution (E72A) was expressed in the *E. coli* strain BL21(DE3) as a GST-fusion protein using the pGEX6P-1 vector. Transformed bacteria were grown to mid-log phase in LB medium, then supplemented with 100 μM ZnCl~2~, and induced by addition of IPTG at a final concentration of 0.5 mM. After overnight incubation at 18°C, bacteria were collected by centrifugation, resuspended in lysis buffer (20 mM Tris-HCl pH 8.0, 0.5 M NaCl, 10 mM β-mercaptoethanol) and lysed by the addition of lysozyme and sonication. After centrifugation, the cleared lysate was passed through a 0.22 μm filter, and the protein was captured with glutathione agarose resin (Pierce), eluted in the lysis buffer supplemented with 10 mM reduced glutathione, cleaved by the human rhinovirus 3C protease to remove GST, and purified over a Superdex75 (GE Healthcare) size-exclusion column. The purified protein contains A3A residues 1--195 (near full-length) and additional vector-derived residues (GPLGSPEF) on the N-terminus. The A3B construct used in this study was the previously reported A3Bctd-QMΔloop3-A3Aloop1, which has substitution of the A3A loop1 residues (GIGRHK) for A3B loop 1 (DPLVLRRRQ) and single serine for the A3B loop 3 residues (spanning Ala242 to Tyr250)^[@R37]^. A3Bctd-QMΔloop3-A3Aloop1 with the additional E255A amino acid substitution (referred to as A3Bctd\*) was expressed with a non-cleavable C-terminal His~6~-tag (LEHHHHHH) in the *E. coli* strain C41(DE3)pLysS (Lucigen) from a pET24a-based vector and purified as reported^[@R37]^. For both proteins the final size-exclusion chromatography buffer consisted of 20 mM Tris-HCl (pH 7.4), 0.2 M NaCl, and 0.5 mM TCEP. The proteins were \>95% pure based on visual inspection of Coomassie Blue-stained polyacrylamide gels. The purified enzymes were concentrated by ultrafiltration for use in the crystallization experiments. The initial A3A and A3B protein sequences match UniProt ID P31941 and Q9UH17, respectively (aligned in [Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}).

Crystallization and structure determination {#S12}
-------------------------------------------

Purified A3A and A3Bctd\* were mixed with \~1.5 molar excess ssDNA (see below) at a final protein concentration of 25--30 mg ml^−1^. The A3A-ssDNA complex crystal was obtained in a sitting drop formed by mixing the complex solution with an equal volume of 0.2 M NaF, 20 %(w/v) PEG3350, 0.1 M Bis-Tris propane (pH 6.5), equilibrated via vapor diffusion against the same reservoir solution. The A3Bctd\*-ssDNA crystal was obtained similarly, using a reservoir solution consisting of 0.45 M NaI and 20 %(w/v) PEG3350. The crystals were mounted directly from the Intelli-Plate 96 (Art Robbins Instruments) and flash cooled in liquid nitrogen using glycerol or ethylene glycol as cryo-protectant. X-ray diffraction data were collected at the Advanced Photon Source Northeastern Collaborative Access Team beamline 24-ID-C using the selenium K-absorption edge wavelength, and the data were processed with XDS^[@R67]^. The A3A-DNA complex crystal is in the space group of P222~1~. A Matthews coefficient calculation indicated that there would likely be 4 monomers of A3A in an asymmetric unit. Using monomeric A3A (pdb 4XXO^[@R36]^) as a search model, the molecular replacement calculations by PHASER^[@R68]^ located four copies of A3A in the asymmetric unit. The resulting electron density map clearly showed the presence of ssDNA bound to each A3A molecule ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}). The A3Bctd\*-DNA complex crystal is in the space group of P6~4~22 with one monomer in the asymmetric unit and diffracted to \~1.7 Å resolution. As the crystallization condition contained a high concentration of iodide ions, the diffraction data showed strong anomalous signal, and a total of 6 iodine or zinc sites were located using SHELXD^[@R69]^. The resulting single wavelength anomalous dispersion (SAD)-phased electron density map, after density modification using SHELXE^[@R69]^, showed A3B monomer and the presence of a bound ssDNA molecule. The A3Bctd monomer^[@R37]^ (pdb 5CQK) was placed into the electron density by molecular replacement using MOLREP^[@R70]^. Subsequent iterative refinement with PHENIX suite^[@R71]^ and manual model inspection and rebuilding using COOT^[@R72]^ resulted in the final R~work~/R~free~ of 20.97/26.30% and 18.11/21.21% for A3A-DNA and A3Bctd\*-DNA complexes, respectively. Each A3A or A3Bctd\* monomer is bound to one molecule of ssDNA substrate. The summary of x-ray data collection and model refinement statistics is shown in [Table 1](#T1){ref-type="table"}. Ramachandran analysis shows that 99.5, 0.5, and 0% of the protein residues are in the most favored, allowed, and disallowed region for A3A-ssDNA complex structure and 98.3, 1.7, and 0% for A3Bctd\*-ssDNA complex, respectively. The molecular graphics images were produced using PYMOL ([www.pymol.org](www.pymol.org)).

Single-stranded DNA (ssDNA) oligonucleotides {#S13}
--------------------------------------------

The ssDNA oligonucleotides for co-crystallization with A3A and A3Bctd\* were 5′-AAAAAAAT[C]{.ul}GGGAAA and 5′-TTTT[C]{.ul}AT, respectively (Integrated DNA Technologies). The unbiased experimental approach for identifying the former sequence is described below, and the latter is based on the fact that 5′-T[C]{.ul}A is the most commonly mutated APOBEC signature motif in cancer^[@R13]--[@R15]^. 3′-fluorescently labeled ssDNA oligonucleotides for *in vitro* DNA deamination experiments were obtained from Integrated DNA Technologies or Midland Certified Reagent Company. The ssDNA oligonucleotide substrates used in [Fig. 3e](#F3){ref-type="fig"} are 5′-AAAAAAAAAT[C]{.ul}GGGAAAAAAA-3′-FAM, 5′-AAAAAAAAA\[dU\][C]{.ul}GGGAAAAAAA-3′-FAM, 5′-AAAAAAAAA\[5-F-dU\][C]{.ul}GGGAAAAAAA-3′-FAM, and 5′-AAAAAAAAA\[iSuper-dT\][C]{.ul}GGGAAAAAAA-3′-FAM (labeled dT, dU, Super T, and 5FdU, respectively). The ssDNA oligonucleotide substrate used in [Fig. 5a](#F5){ref-type="fig"} is 5′-ATTATTATTATT[C]{.ul}AAATGGATTTATTTATTTATTTATTTATTT-3′-FAM, the same except (A, C, G, or T)[C]{.ul}A as trinucleotide targets in [Fig. 5b](#F5){ref-type="fig"}. 5-Nitroindole containing ssDNA substrates were purchased from Integrated DNA Technologies (Coralville, IA) as desalted oligonucleotides and characterized by LC-MS on an Agilent 1100 series HPLC instrument equipped an Agilent MSD SL ion trap mass spectrometer. A full list of ssDNA oligonucleotides used in site-directed mutation is available upon request.

Deep deamination experiments to determine an optimal A3A target site {#S14}
--------------------------------------------------------------------

We reasoned that deep sequencing of a target ssDNA oligonucleotide with a single cytosine flanked by degenerate Watson-Crick nucleobases could be used to determine an optimal A3A target site. First, a ssDNA substrate oligonucleotide 5′-NNNNCNNN flanked by cytosine-free 22 and 21 nucleotide regions was synthesized (Integrated DNA Technologies). This yielded a pool with 4^[@R7]^ unique substrate sequences. Second, wild-type human A3A was purified from semi-confluent 293T cells transfected with a pcDNA4/TO-A3Ai-2xStrep3xFlag (SF) expression vector^[@R20]^. Cells were harvested 48 hours post-transfection and lysed in 50 mM Tris-HCl pH 8.0, 1% (v/v) NP-40, 150 mM NaCl, 0.5% (w/v) deoxycholate, 0.1% (w/v) SDS, 5 mM EDTA, RNase A, 1× EDTA-free Protease Inhibitor Cocktail (Roche), and then further disrupted by sonication. A3A-SF was purified using Strep-tactin resin (IBA). Samples were washed in high salt buffer (20 mM Tris-HCl pH 7.5, 1.5 mM MgCl~2~, 1 M NaCl, 0.5 mM DTT and 5% glycerol) followed by low salt buffer (same as the high salt buffer except with 150 mM NaCl) and final wash buffer (100 mM Tris-HCl pH 7.5, 150 mM NaCl) and eluted using 2.5 mM desthiobiotin. Purified protein was fractionated using 4--20% SDS-PAGE and quantified by staining with Coomassie brilliant blue (Sigma).

Third, titration experiments were conducted with recombinant A3A-SF to determine single-hit reaction conditions. This amount of enzyme was then incubated with 8 pmol of the substrate oligonucleotide pool for 1 hour at 37 °C in 50 mM Tris pH 7.5, 75 mM NaCl. 2 pmol of the treated pool was annealed to appropriate 3′-barcoded adaptor using T4 DNA Polymerase at 12°C for 20 minutes. Then a universal 3′-adapter was added to the duplex using Phusion DNA polymerase (New England Biolabs, Ipswich, MA). Products were purified using a GeneJET PCR purification kit (ThermoFisher Scientific), analyzed by 20% native PAGE, and diluted to appropriate concentrations for deep sequencing.

The reaction products were analyzed using 2 × 50 nt paired-end reads (Illumina HiSeq 2500, University of Minnesota Genomics Center). Reads were paired using FLASh (<http://ccb.jhu.edu/software/FLASH/>). Data processing was performed using a locally installed FASTX-Toolkit (<http://hannonlab.cshl.edu/fastx_toolkit/>). FASTX trimmer was used to trim the 5′ and 3′ constant regions from sequences. Trimmed sequences were then filtered for high-quality reads using FASTQ quality filter. Sequences with a Phred quality score less than 30 (99.9% base calling accuracy) at any position were eliminated. Pre-processed sequences were then further analyzed using the FASTAptamer toolkit (<http://burkelab.missouri.edu/fastaptamer.html>). FASTAptamer-Count was used to count the number of times each sequence was sampled from the population. Each sequence was then ranked and sorted based on overall abundance, normalized to the total number of reads in each population, and directed into FASTAptamer-Enrich. FASTAptamer-Enrich calculates the fold-enrichment ratios from a starting population (no enzyme control) to a selected population (incubation with A3A or other enzymes). After generating the enrichment file, mutated sequences specific to the A3A reaction versus control reactions were analyzed using WebLogo design software^[@R73]^. Logo error bars are twice the sample correction value^[@R74]^.

A3A expression constructs and DNA deamination activity assays {#S15}
-------------------------------------------------------------

The pcDNA3.1-A3Ai-myc-His expression construct is reported^[@R11],[@R33],[@R42]^. Derivatives were constructed by site-directed mutagenesis and verified by DNA sequencing. The activities of a subset of the A3A mutant constructs reported here have been described previously^[@R35],[@R40],[@R43]--[@R45],[@R54],[@R55],[@R75],[@R76]^. Semi-confluent 293T cells in 6 well plates were transfected with 1 μg plasmid and harvested after 48 hours to allow time for enzyme expression. Soluble whole cell extracts (WCE) were prepared by pelleting the cells and resuspending them in HED buffer (20 mM HEPES pH 7.4, 5 mM EDTA, 100 μg ml^−1^ RNase A, 1 mM DTT, 10% glycerol, and Roche Complete protease inhibitors). Resuspended cell pellets were freeze-thawed then rotated for 1 hour at room temperature followed by water bath sonication for 20 minutes. Cell debris was pelleted and the clarified lysate was used for DNA deaminase activity assays. 5 μl WCE with desired A3A construct (or control) were mixed with 5 μl HED buffer containing 1.6 μM fluorescently labeled ssDNA (sequences above). Reactions were then allowed to progress for 1 hour at 37°C, followed by treatment with 120 nM recombinant human UNG2 (uracil DNA glycosylase) for 10 minutes at 37°C, and treatment with 100 mM NaOH for 10 minutes at 95°C^[@R33],[@R42]^. Reaction products were separated by 15% denaturing PAGE and scanned on a Typhoon FLA 7000 imager (GE Healthcare). A3A-myc-His expression was verified by immunoblotting using primary rabbit anti-cMYC antibody at 1:3000 (Sigma, C3956) and secondary goat anti-rabbit IgG-Alexa Fluor 680 at 1:10,000 (Life Technologies, A21076). Tubulin expression was used as a loading control, and staining was done with primary mouse anti alpha-Tubulin at 1:80,000 (Sigma, B512) followed by secondary goat anti-mouse IR-Dye 800CW at 1:10,000 (LI-COR, 926-32210). Washed immunoblots were imaged using a LI-COR Odyssey imaging system.

Recombinant A3A-myc-His and mutant derivatives were expressed in 293T cells and purified as described by nickel affinity chromatography^[@R11],[@R33],[@R42]^. Activity assays were conducted as outlined above except reactions were initiated by adding 5 μl of enzyme (2-fold dilutions starting at 200 nM) to 5 μl of 50 mM NaCl, 10 mM HEPES buffer (pH 7.4) containing 1.6 μM fluorescently labeled ssDNA (sequences above). Reactions progressed 1 hour at 37 °C and processed and quantified as described above.

Data availability {#S16}
-----------------

The coordinates and structure factors for the A3A-ssDNA and A3Bctd\*-ssDNA complexes have been deposited in the Protein Data Bank under accession codes 5SWW and 5TD5, respectively. Source data for [Figs. 1](#F1){ref-type="fig"} & [3c](#F3){ref-type="fig"} are available in the online version of the paper. Full gel images of biochemical and immunoblot results in [Figs. 3e](#F3){ref-type="fig"} & [5a--b](#F5){ref-type="fig"} are shown in [Supplementary Data Set 1](#SD1){ref-type="supplementary-material"}. Other data are available upon request.
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![Deep-deamination approach to determine an optimal human A3A substrate\
A ssDNA library with a single target C and N's on the 5′ and 3′ sides was reacted with human A3A (near-single hit kinetics). The resulting pool containing C-to-U deamination products was annealed to a bar-coded Illumina adaptor (IA) and T4 DNA polymerase was used to produce a complementary DNA strand. This intermediate was denatured, annealed to a 5′-IA, and converted to duplex by Phusion thermostable high fidelity DNA polymerase. Illumina Mi-Seq was used to generate reads for subsequent informatics analysis. A weblogo representation of deamination products unique to A3A shows enrichment for −1 T and +1 G that informed the ssDNA sequence for co-crystallization experiments (n=641; error bars are twice the sample correction value). Source data are provided as a spreadsheet (.xlsx) linked to the online legend.](nihms830621f1){#F1}

![Crystal structure of human A3A bound to ssDNA with preferred 5′-T[C]{.ul}G deamination target motif\
(**a**) Ribbon schematic of A3A-ssDNA complex showing flipped-out target C and −1 T nucleotides, as well as the overall U-shaped binding conformation. (**b**) Molecular surface of A3A active site with the surrounding loops color-coded, and a superposition of stick-models of ssDNA bound to 4 different molecules in the crystal's asymmetric unit. (**c**) A view similar to panel b with a representative ssDNA molecule shown and nucleobases and key amino side chains from the active site loops labeled. (**d**) A wall-eye stereo view of the A3A active site and the bound ssDNA molecule shown in sticks. Hydrogen bonds are indicated by yellow dashed lines.](nihms830621f2){#F2}

![Crystal structure of a variant of the human A3B catalytic domain bound to ssDNA with a 5′-T[C]{.ul}A deamination target motif\
(**a**) Ribbon schematic of ssDNA-A3Bctd\* complex showing the flipped-out target C (0) and −1 T, as well as the overall U-shaped binding conformation. (**b**) A superposition of the active site region of A3A (cyan) and A3Bctd\* (magenta) with relevant ssDNA substrates (opaque from a representative A3A structure and yellow from the A3Bctd\* structure) showing the near-identical positioning of the flipped-out target C and −1 T. (**c--d**) Composite omit 2Fo-Fc map contoured at 1.0σ shown for region surrounding the target cytosine (panel c) or −1 thymine (panel d). (**e**) Deaminase activity of wild-type A3A on ssDNA substrates containing normal T or the indicated analogs at the −1 position demonstrating that the 5-methyl group is unconstrained structurally. Uracil DNA glycosylase (UDG) readily excises dU and 5FdU from ssDNA and accounts for the 11-nucleotide product in the absence of deamination. However, due to A3A activity on the target C and the 3′-end label, only the shorter 10-nucleotide product is apparent upon deamination and gel fractionation. The uncropped gel image is provided in [Supplementary Data Set 1](#SD1){ref-type="supplementary-material"}, and the results are representative of 2 independent experiments. (**f**) A wall-eye stereo view of the A3Bctd\* active site and the bound ssDNA molecule shown in sticks. Hydrogen bonds are indicated by yellow dashed lines. Water molecules are represented by small red crosshairs.](nihms830621f3){#F3}

![Comparison between apo and ssDNA-bound A3A and A3B structures\
(**a--b**) Molecular surface of A3A around the active site in the DNA-free (panel a, pdb 4XXO) and ssDNA-bound (panel b, this study) states, showing re-orientation of the side chains of His29 and Tyr132. (**c**) A superposition of the two conformations in panels a and b highlighting the repositioning of His29 and Tyr132 as well as shifting of loop 3 toward the bound ssDNA. (**d--e**) Molecular surface of A3Bctd\* around the active site in the DNA-free (panel d, pdb 5CQH) and ssDNA-bound (panel e, this study) states showing the large transition that is likely to occur between the closed (unbound) and open (ssDNA-bound) conformations.](nihms830621f4){#F4}

![Corroborating biochemical data for human A3A\
(**a--b**) DNA cytosine deamination by human A3A (WT, wild-type) and the indicated mutant derivatives (S, substrate; P, product). The corresponding anti-MYC (A3A) and anti-TUBULIN immunoblots indicate similar levels of A3A and soluble extract in each experiment relative to controls (A3A has two bands due to alternative translation initiation from Met1 or Met13). Reactions in panel a interrogated active site mutants using a 43-nucleotide 5′-TC-containing ssDNA substrate, and reactions in panel b additionally interrogated the identity of the −1 position (A, C, G, or T) relative to the target cytosine. These results are representative of 2 independent experiments, and uncropped gel images are provided in [Supplementary Data Set 1](#SD1){ref-type="supplementary-material"}. (**c**) Graphs quantifying product accumulation in dose response experiments for A3A and the indicated D131 derivatives using the same ssDNA substrates as panel b. WT enzyme and D131T show similar activities and local −1 nucleobase preferences, D131A has low activity and relaxed preferences, and D131E has slightly lower activity and a clear preference for −1 C instead of −1 T. These data are representative of 2 independent experiments, and source data are provided as a spreadsheet (.xlsx) linked to the online legend.](nihms830621f5){#F5}

![Human A3A and *S. aureus* TadA have similar U-shaped polynucleotide binding conformations\
(**a**) Ribbon schematics of A3A-ssDNA (this study) and TadA-tRNA (pdb 2B3J^[@R61]^) with the single zinc-coordinating active site regions positioned at similar angles for comparison. (**b**) Superposition of A3A-ssDNA and TadA-tRNA structures showing similar U-shaped binding conformations (predicted in a commentary^[@R62]^ to the original TadA-tRNA structure report^[@R61]^). A3A-bound ssDNA is shown in yellow and TadA-bound RNA is shown with an orange backbone and magenta nucleobases.](nihms830621f6){#F6}

![Structural comparison of the active sites of A3B and distantly related deaminase family members\
Active sites of (**a**) A3Bctd bound to ssDNA, (**b**) T4 bacteriophage 2′-deoxycytidylate deaminase bound to a dCMP analog (pdb 1VQ2^[@R63]^), (**c**) murine cytidine deaminase bound to cytidine (pdb 2FR6^[@R64]^), and (**d**) yeast cytosine deaminase bound to an analog of the free nucleobase cytosine (pdb 1P6O^[@R65]^). The catalytic glutamate (Glu255) was modeled into the A3Bctd\*-ssDNA structure based on its positioning in the apo structure (pdb 5CQH), closely mimicking conformations of the corresponding residues in the T4, mouse, and yeast enzymes (Glu106, Glu67, and Glu64, respectively). Gray spheres represent zinc ions. Smaller red spheres show the zinc-bound reactive water molecule. Sticks depict key residues contacting bound substrates, and ribbons represent protein backbones. The magenta loop in panel c is from an adjacent subunit in the tetramer. A comparison of the structures shows similar zinc-coordination mechanisms and target cytosine positioning including conservation of surrounding aromatic residues, as well as substrate-specific interactions conferred by unique residues for each class of enzyme. (**e**) Proposed deamination mechanism (adapted from ref.^[@R66]^): (i) Glu255 deprotonates the Zn^2+^-coordinated H~2~O for nucleophilic attack at cytosine with the residual, protonated Glu255 H-bonding to N3 to withdraw electron density from C4 of cytosine, thereby accelerating nucleophilic attack by hydroxide. (ii) Deprotonation of the alcohol on the tetrahedral intermediate by Glu255 ensues, followed by (iii) collapse of the tetrahedral intermediates due to elimination of ammonia, to which protonated Glu255 contributes a hydrogen. (iv) The resulting uracil base is likely stabilized by Zn^2+^ coordination in the enzyme active site.](nihms830621f7){#F7}

###### 

Data collection and refinement statistics

                                                  A3A-ssDNA (5SWW)                                         A3Bctd\*-ssDNA (5TD5)
  ----------------------------------------------- -------------------------------------------------------- ---------------------------------
  **Data collection**                                                                                      
  Space group                                     P222~1~                                                  P6~4~22
  Cell dimensions                                                                                          
   *a*, *b*, *c* (Å)                              90.15, 90.20, 167.26                                     96.41, 96.41, 84.88
   *α*, *β*, *γ* (°)                              90, 90, 90                                               90, 90, 120
  Resolution (Å)                                  47.42--3.15(3.26--3.15)[a](#TFN1){ref-type="table-fn"}   59.52--1.72(1.78--1.72)
  *R~merge~* (%)                                  19.1 (112.1)                                             5.4 (127.5)
  *R~meas~* (%)                                   21.1 (123.8)                                             5.6 (133.2)
  *R*~pim~ (%)                                    8.9 (51.9)                                               1.5 (37.8)
  *I/σ*(*I*)                                      8.4 (1.4)                                                35.3 (2.1)
  *CC*~1/2~                                       0.991 (0.693)                                            0.999 (0.783)
  Completeness (%)                                99.6 (99.0)                                              99.7 (97.2)
  Redundancy                                      5.5 (5.6)                                                12.7 (11.8)
  **Refinement**[b](#TFN2){ref-type="table-fn"}                                                            
  Resolution (Å)                                  47.42--3.15(3.26--3.15)                                  59.52--1.72(1.78--1.72)
  No. reflections                                 24189 (2339)                                             25281 (2417)
  *R*~work~/*R*~free~ (%)                         21.0(30.3)/26.3(35.1)                                    18.1(31.9)/21.2(29.4)
  No. atoms                                       6597                                                     1712
   Protein/DNA                                    6553                                                     1578
   Ligand/ion                                     24/4 (GOL/Zn^2+^)                                        24/1/9/2 (EG/Zn^2+^/I^−^/Cl^−^)
   Water                                          16                                                       98
  *B* factors (Å^2^)                              73.54                                                    45.97
   Protein/DNA                                    73.58                                                    45.24
   Ligand/ion                                     82.77                                                    76.46
   Water                                          37.41                                                    46.58
  R.m.s. deviations                                                                                        
   Bond lengths (Å)                               0.002                                                    0.015
   Bond angles (°)                                0.45                                                     1.20

Values in parentheses are for highest-resolution shell.

Each structure is from one crystal.

[^1]: These authors contributed equally to this work.
